CM186, a Hf containing nickel-base superalloy is an attractive alloy, in terms of castability and thus manufacturing costs, for aero engine and land based gas turbine applications. Mechanical property and coating characterisation studies of this alloy are sparse, whilst thermo-mechanical fatigue (TMF) data do not exist in the literature.
Introduction
High pressure gas turbine blades are frequently made from single crystal nickel-based alloys, microstructurally designed to retain strength up to high temperatures. The absence of an expensive solution heat treatment, along with high casting yields and achievable high temperature properties, makes columnar grained (CG) (directionally solidified) CM186 an attractive alternative alloy for aero engine and land based gas turbine applications.(l,2) The life of such a CG component is primarily determined by the interaction of mechanical and thermal loads and environmental contributions. Various protective measures are taken to guarantee efficient operation of the blades up to service temperatures. (3) Different coatings have been developed to protect the blades against environmental degradation. The failure modes, which must be taken into account for lifetime assessment of such coated systems include oxidation, corrosion, erosion and microstructural discontinuities caused by interdiffusion between the substrate and the coating. However, the major cause of failure is thermo-mechanical fatigue due to mechanically applied and thermally induced stresses, resulting from the thermal strains generated by the strong temperature gradients experienced during heating and cooling. In this work, the results of TMF tests on single crystal (SC) and CG CM186 blade alloys in the uncoated and Sermalloy 1515 coated conditions are reported. Strain controlled thermo-mechanical fatigue cycles simulating the thermal and mechanical loading situation at critical locations of the blades were applied, and the damage evolution on the samples was in-situ monitored throughout the TMF cycle. Threaded end TMF specimens with a solid rectangular cross-section of 12 x 3 mm' and a parallel length of 9mm were machined. The rectangular cross section was adopted to enable observation of the flat surface by means of a computer vision system during testing, as discussed later. The parallel section was ground and polished in the longitudinal direction to a final surface finish of R, = 0.05 pm. The edges of the gauge length section were rounded to promote good adherence of the coating. Some of the SC and CG CM186 samples were coated with a modified aluminide coating, Sermalloy 1515, via an AlfSi slurry diffusion process, with an approximate thickness of 8Oj.nn. The strain-controlled TMF tests were carried out in air on a computer controlled electro-mechanical closed loop testing machine of 100 kN capacity. Tests with a minimum to maximum strain ratio, R, = -00. at three different strain range levels of l%, 0.8% and 0.7% and a constant strain rate during the cycle were performed. The temperature varied symmetrically and linearly with time between 350 "C and 950 "C with a cycle period of 200 s. A schematic picture of the applied cycle is shown in Fig. 1 . The mechanical strain was varied synchronously and linearly with time, but with a phase shift of 180" with respect to the temperature. This cycle imposes maximum strain/stress at minimum temperature and minimum strain/stress at maximtmr temperature. The mechanical strain rate was ]dam/dt] = lo5 As , [%s"] constant at any instant in time within the cycle. Strain was measured and controlled by means of a water cooled, high temperature axial extensometer with ceramic rods attached to the parallel length of the specimen. The original gauge length at 350 'C was 8 mm. The loads were measured by means of a strain gauged load cell located in the load train of the testing machine. Specimens were heated by means of electromagnetic induction, using a commercially available 6 kW high frequency induction heater and an induction coil with optimised geometry, so that the temperature gradient over the gauge length was within +15"C at any given time during the cycle. The sample temperature was measured and controlled by means of thermocouples spot-welded on the specimen surface. An &pyrometer was also used for additional monitoring of the temperature during the test. 656 Control of the testing machine, the high frequency induction heating system and data acquisition was performed by means of a dedicated computer system using LabVIEW 5.1. Both the cyclic stress-strain response and the thermo-mechanical fatigue life were determined. Tests were conducted until failme, or stopped when the cyclic stress range had dropped beyond 50% of the stabilised value. TMF life was then defined as the cycle number at which the stress range Ao had decreased to 50 % of the stabilised or maximtmr value. During TMF testing, images of the front face of the specimen were taken at pre-selected cycle numbers by means of a computer controlled video imaging system, allowing contact-less, in-situ and fully automated monitoring of the information related to the evolution of damage. To enhance the detection of initiating and growing cracks (with a surface length 2 15um), the CCD camera with a flash unit was synchronised with the TMFcycle and images were taken when the imposed stress on the specimen exceeded 80% of the maximum tensile stress of the previous cycle. The images taken covered the specimen width and 11.6 mm of the parallel length of the specimen. All the images were digitised and stored for post-processing and analysis. Fractographic analysis of the tested samples was performed to obtain an understanding of the fracture in terms of initiation sites, crack propagation modes and morphologies and the relationship between fracture surface features and the microstructure of the coating and substrate alloy. Polished cross-sections of selected samples were metallographically prepared and observed under SEM and analysed by means of EDS. Isothermal strain controlled fatigue tests were also carried out on both solid and hollow specimens of CM186, in the CG and SC form. The solid specimens were cylindrical in section with a gauge diameter of 7mm. The hollow specimens were manufactured to the same external dimensions, but were cast with a hollow interior giving an as-cast nominal wall thickness in the gauge section of lmm. Final machining included honing of the inner surface to provide a smooth finish. Testing was carried out on a servo-hydraulic machine at a strain rate of O.l%i'. A constant temperature was maintained with a radiant heat furnace. Testing was carried out at several strain ratios and temperatures up to 950°C.
Cycle Number , N Figure 2 : Evolution of the characteristic cycle stresses and accumulated inelastic strain with cycle number, N, measured on CG CM186 uncoated, at AE, = 1%.
Results & Discussion
Stress-strain-temperature resnonse
The typical evolution of the maximum and minimum cycle stresses and the stress range with cycle number N during OOP TMF testing is shown in Fig. 2 for the uncoated CG material at a mechanical strain range of AE, = 1%.
Figure 3: Stress-strain loops at three different stages during a test on CG CM186 uncoated, at As, = 1%.
The material does not exhibit any strong cyclic evolution. This is supported by the results from strain controlled isothermal LCF tests at several temperatures. There is a rapid shift in stress during the early TMF cycles. The pace of this process decreases with continued cycling, with the stress cycle exhibiting a positive mean value. Subsequently, extensive cracking intluences the compliance. This process is entirely consistent with the dominance of plasticity and more importantly creep at the compressive/high temperature end of the cycle. This is further emphasised by the evolution of inelastic strain (Fig.  2) . Note that the shift of ~b with cycling is depicted from the stress-strain loops shown in Fig. 3 . After cycle 1, in which a significant amount of hysteresis is present, the build-up of sin with cycling slows down. This is also commensurate with the isothermal data. From about N I Nf = 0.1 onwards, creep in the high temperature part of the cycle with stress in compression is the dominant deformation process responsible for a continuation of steady accumulation of inelastic strain. This results in a gradual shift of the compressive stress to smaller absolute values and a similar shift of the tensile stress to higher values. The shift continues until the amount of creep deformation in the compressive part of the cycle is compensated by an equivalent inelastic deformation in the tensile part of the cycle at lower temperature. However a decrease of tensile stress might already set in before this state of equilibrium is reached if the compliance of the sample increases due to crack formation and growth. Most of the inelastic strain is primarily created during the heating phase of the first cycle in compression. Fig. 4 shows the stress, temperature, mechanical and inelastic strain as a function of time in the first TMF cycle, when the CG material in the uncoated condition is tested at a strain range of 1 %. In the tirst part of the cycle a purely elastic increase of the compressive stress can be observed. With increasing mechanical strain and temperature, plastic flow of the material sets in. Once' the yield strength of the material is reached at about 800 "C, plastic deformation occurs leading to a decrease in compressive stress with further increase of mechanical strain and temperature. The peak of the compressive stress does not correspond with the minimum mechanical strain and maximum temperature. Stress in compression was minimum at about 820 "C while the mechanical strain reached its minimum at the maximum temperature of the cycle of 950 "C. In the second half of the cycle, with decreasing mechanical strain and temperature, the sample deforms almost exclusively elastically while the inelastic strain remains constant till the end of the cycle. The inelastic strain imposed on the specimen during the compression period should be balanced by a corresponding and equivalent deformation in tension. In this regime of low temperature, the yield strength of the material is not reached and consequently the tensile stress increases almost exclusively elastically. By the third and fifth cycles a different picture has emerged. The minimum of the compressive stress almost coincides with the minimum of mechanical strain. No pronounced yielding is observed and the total plastic deformation during the entire cycle is less than 0.06 % and 0.02 % in the third and fifth cycle, respectively. This behaviour indicates that the hysteresis loops are almost stabilised after a few cycles of the test. The pronounced inelastic deformation early in life results in a shakedown of the cyclic stresses to values close to the elastic regime, resulting in very narrow and almost closed stress-strain loops during the major part of life. Figures 5 and 6 display the evolution of the maximum and minimum cycle stresses and the stress range with cycle number, N, for the SC and CG material respectively, measured on specimens in the uncoated and coated condition at different mechanical strain ranges. The results show that the general deformation behaviour of the material appears to be essentially independent of whether the material is of SC or CG structure. The similar cyclic behaviour of the uncoated and coated CM186 suggests that the stress-strain response of the bulk is not influenced by the presence of the coating. Figures 5 and 6 show that, in compression all the stress data for all strain ranges coincide. At all strain ranges the yield strength of the material is reached in the high temperature compressive part of the first cycles. Thereafter, the compressive stress level isthe same for all strain levels, as there is no plastic deformation in the low temperature tensile part of the cycle. Further inelastic deformation is due to creep and approximately the same for all tests. Fig. 7 summarises the evolution of the stress range with cycle number for all tests performed. For both material structures in the bare condition and the mechanical strain ranges considered, the stress range assumes an almost constant, may be slightly increasing value up to the onset of final fracture. The result for the coated SC, at AE,,, = 1 %, is somewhat different, showing a progressive reduction in stress range from 20% of TMF life.
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180'lag;R=-co: Number of Cycles , N Figure 6 : Evolution of stress range (A@, maximum stress and minimum stress with TME cycles; uncoated and Sermalloy 1515 coated CG CM186.
Microstructural Analysis
As-received state The main microstructtiral differences between the SC and CG materials are the presence of high angle boundaries and coarse carbides, having a Chinese script morphology, being present in the grain boundaries of the latter. Figure 8 shows the microstructure of a coating in a state assumed "as-received" (cross-section well outside the gauge length of the shortest lived sample 
TMF Lives
In Fig. 9 , the TMF lives of the SC and CG CM186 in the uncoated and Sermalloy 15 15 coated condition respectively are plotted as a function of the mechanical strain range Aa,,,.
As mentioned earlier, life to failure is defined as the cycle number at which the stress range Ao has decreased to 50 % of the stabilised or maximum value. In the uncoated form, the SC material appears to have a longer life when compared with the CG material. Fig. 9 also reveals the influence of the presence of the coating on the TMF lives.
The presence of the coating on the SC material results in a reduction in life by a factor of about two when compared with the results from the SC material tested in the uncoated condition. The CM186 material with a CG structure shows the opposite behaviour. Sermalloy 15 15 coating of the material leads to an increase in life of a factor of about two. However, the total fatigue life of the specimens can be considered to consist of two parts: A crack initiation phase and crack propagation to failure. An important aspect of this work has been the use of an in-situ video imaging system to monitor the first appearance and early growth of fatigue cracks at the specimen surface. Initiation is defined here as the cycle number Ni where a crack with a length (surface projection) of approximately 30 urn is first detected. This length is arbitrary and dictated by the resolution of the imaging system. The computer vision records reveal that crack initiation takes place in relative early stages of the life below N/Nf = 0.25 and 0.1 when the bare material was tested at a mechanical strain range of Aam = 1 % and 0.8 %, respectively. These results are also shown in Figure 9 as crack initiation lives, Ni. In terms of crack initiation, the CG material exhibits shorter lives than the SC in the uncoated form, whereas the coated CG material has a longer Ni life than the coated SC.. Furthermore, the presence of the coating leads to shorter TMF lives for the SC and longer for the CG material. The Ni, Nf, and NJNr TMF data are given in Table 2 . 
Crack Initiation and Early Growth
The results show that, for all material and test conditions the smaller part of TMF life is spent in initiating microcracks while the larger fraction of life is spent in crack growth. Two different types of cracks are initiated and propagate during cycling as discussed also elsewhere. (4) One of these types is associated primarily with the uncoated specimens, and the other with the coated specimens. Figure. 10: Point surface initiation cracking of uncoated SC material TMF tested at a strain range of AE, = 1 % .
Uncoated Specimens In the case of the uncoated material, multiple cracks initiate at coarse microstructural features; also found were a number of examples of cracks apparently initiated at casting pores. In all cases, initiation sites are associated with cracked oxide hillocks and thus, with preferential oxidation of microstructural features. At these preferred sites, oxide hillocks protruding from the surface are formed which finally crack as shown in Fig. 10 . Small cracks are initiated with fracture surfaces approximately perpendicular to the stress axis, this is apparently invariant with As,. The picture is similar for the SC and CG material structure, no obvious difference in initiation sites, initiation mode and density of initiated cracks could be observed. All cracks grow individually by inward extension along a semi-circular or semi-elliptical front and a crack path perpendicular to the stress axis in the radial direction. In a later stage of TMF life, coalescence of adjacent cracks starts to contribute to the extension of the cracks. Fig. 11 displays the fracture surface with some typical point-initiated, semi-elliptical surface cracks, when a CG sample was TMF tested at a mechanical strain range ofAs,,,= 1 %. Fractographic examinations of isothermally fatigued uncoated LCF specimens tested at 950°C have revealed similar results. Multiple initiation takes place at surface features rich in nickel and oxygen. This contrasts with the observations of lower temperature isothermal LCF tests where fatigue crack initiation is limited to either a few or single sites located at the surface or at sub-surface positions. These are generally found to be either pores or surface breaking brittle phases rich in hafnium, tantalum and tungsten. It can therefore be concluded that the crack initiation sites found in the TMF specimens are characteristic of those found in high temperature LCF tests for this material. Branching of cracks was found in the case of the CG material as shown in Figure 12 , in which an example of a crack interacting with a precipitate is shown. On the other hand in the SC material, cracks grow straight and normal to the loading axis. The fraction in life spent for initiation and propagation in the uncoated material is comparable for the SC and the CG structure but cracks appear to be initiated at a smaller number of cycles in case of the CG material when compared with the SC structure, see Fig. 9 . The crack initiation earlier in life probably accounts for the lower TMF life of the CG material. There is no evidence that differences in the microstructure account for the difference in TMF lives. Further analysis of the computer vision system data with respect to evolution of crack length and crack density as a function of cycle number N may reveal any differences that exist between the initiation lives and crack propagation rates for the CG structure and the SC material, respectively. Coated Snecimens For the coated material, brittle fracture of the coating in a line mode is observed at all strain range levels tested. Long shallow cracks are initiated over relatively large distances relative to the specimen width, Fig. 13 . It is generally agreed that the applied cycle which imposes a compressive strain on the coating at high temperature and tension at low temperature is the most damaging one. (5) Due to the accumulation of inelastic deformation in the high temperature compressive part of the cycle an increasing tensile stress is built up in the low temperature part of the cycle. Brittle cracking of the coating resulting in the formation of line cracks occurs once the limit of ductility of the coating below the ductile to brittle transition temperature, DBTT, is exceeded. (6-8) Figure 13 : Surface view of Sermalloy 15 15 coated CG material TMF tested at a strain range of AE, = 0.8 % showing a system of parallel line initiated straight cracks spanning the entire surface.
Cracks are always initiated in the coating or at the surface of the coating and propagate into the substrate by Mode I extension producing a crack front almost parallel to the specimen surface and a crack path perpendicular to the loading direction, see Fig. 13 . (8, 9) Crack nucleation sites could not be discerned by means of fractographic investigation of the fracture surface. Whether the crack starts at the outer coating surface or in the coating itself could not be identified. The overall picture of crack growth mode and morphology as shown in Fig. 13 is similar when the SC and the CG materials are tested in the coated condition. Observations of cross-sectioned coated samples show that most of the cracks stop at the coating/substrate interface, suggesting an abrupt change of mechanical properties at this site, Figure 14 . There appear to be more shallow cracks, i.e. not propagating as deeply in the substrate, in the CG material than in the SC, which could justify the enhanced TMF life of the CG coated material. Other mechanisms that could reduce AKR and thereby reduce overall crack growths in the coated CG materials could not be discerned. The crack initiation lifetimes, Fig. 9 , and the differences of maximum stress at half-life for the same applied mechanical strain are unlikely to produce 661 significant differences in crack growth rates during the propagation phase.
SC CM 1 X6 coated CG CM1 86 coated Figure 14 . Optical microscopy images of longitudinal cross sections of Sermalloy 15 15 coated SC and CG CM186 alloys TMF tested at a strain range of AE, = 1 % For both material structures, crack initiation is observed to occur after a life fraction Ni/Nf of 0.15 and 0.05 for the strain range of A&m = 1 % and 0.8 %, respectively. In terms of absolute cycle numbers crack initiation appears to take place earlier in life for the coated SC material relative to the CG material, see Fig. 9 and Table 2 . As for the SC material the coating results in a reduction of the cycles to crack initiation Ni by a factor of three for both strain range levels investigated. The formation of line cracks earlier in life and the more detrimental effect of propagating line cracks relative to semi-circular or semi-elliptical cracks (in terms of AK) explains the life reducing effect of the coating. In contrast, a life lengthening effect of the coating is observed in the case of CG material. The number of cycles to crack initiation is only slightly lower for the coated material relative to the uncoated. No explanation is found yet for the longer lives of the coated material. In a number of studies into the TMF behaviour of nickel-based superalloys the presence of the coating is reported as detrimental or beneficial to TMF life. (5, 7, 10-13) The lives to failure of the coated CG TMF specimens are shown, alongside the lives of isothermal LCF specimens tested under similar mechanical loads in Figure 15 . This result, if not coincidental, is interesting in that it provides some support to the TMF results for the CG coated material in terms of absolute number of cycles to failure. 
Conclusions
TMF tests on single crystal and columnar grained CM186 alloy in the uncoated and Sermalloy 15 15 coated state were performed. The results suggest that the SC material has a longer TMF life than its CG counterpart. However, the effect of the presence of the coating is different for the two materials, namely enhancing the TMF life of the CG materials and degrading that of the SC. In-situ monitoring of the initiation and early growth of surface cracks have demonstrated that valuable information can be obtained on the basis of crack initiation and, thus, for lifing purposes. Initiation life represents a small fraction (0.1 to 0.25) of the total TMF life. The type of crack initiation is similar in the SC and CG forms of CM186, even though the numbers of cycles to initiation are different.
Brittle cracking of the coating manifests itself by continuous planar surface cracks, whereas in the uncoated material cracks develop from points in a semi-elliptical form.
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